Infection of RNA viruses is recognized by two classes of pathogen recognition receptors, Toll-like receptors (TLR) 3 and RIG-I-like receptors (RLR), both of which bind viral RNAs (1) (2) (3) (4) (5) (6) (7) . Once viral RNAs are recognized by these receptors, downstream signaling cascades are activated, triggering transcription of proinflammatory cytokines important for the establishment of innate and adaptive immunity (5) . Among these cytokines, type I interferons (IFNs) play a major role in conferring antiviral and antimicrobial activities (8 -11) . TLRand RLR-mediated production of type I IFNs and proinflammatory cytokines are regulated both positively and negatively at multiple steps of signaling cascades to minimize harmful excess inflammatory responses and to achieve fine-tuning of the effects (12) (13) (14) . There is a growing list of proteins that function as a negative regulator of TLR and RLR signaling (15, 16) .
PIAS (protein inhibitor of activated STAT) family proteins are encoded by four genes, PIAS1, PIAS3, PIASx (PIAS2), and PIASy (PIAS4) (17) (18) (19) (20) (21) . The PIAS family was first discovered as an interacting partner of signal transducer and activator of transcription (STAT) (21) (22) (23) (24) . By associating with transcriptionally activated STATs, PIAS proteins negatively regulate some STAT-dependent genes (20, 21, (23) (24) (25) . In addition to STATs, PIAS proteins also regulate large numbers of transcription factors involved in the broad range of gene expression that affects cell cycle regulation, immune responses, and development (18 -21, 26) . PIAS proteins function as a SUMO E3 ligase for a growing list of substrates, most of which are transcription factors (27) (28) (29) (30) (31) . The conserved RING-like domain at the central portion of PIAS proteins is essential for E3 ligase activity (19 -21, 32, 33) . Conjugation of SUMO peptides to transcription factors alters transcriptional activity by changing conformation of substrates and creating a new surface for proteinprotein interactions (26 -29, 34, 35) . In addition to regulating SUMO modification by its SUMO ligase activity, PIAS proteins regulate transcription through SUMO-independent mechanisms, including blocking DNA binding activity of transcription factors, recruiting transcriptional co-repressors, and translocation of transcription factors to nuclear subdomains (17) (18) (19) (20) (21) .
Among PIAS proteins, PIAS1 and PIASy regulate the specificity and magnitude of cytokine-induced gene expression mediated by STAT1 (36, 37) . In addition, PIAS1 and PIASy regulate LPS-induced cytokine production by inhibiting NFB activity (37, 38) . Thus, PIAS1 and PIASy play an important role not only in cytokine-mediated JAK/STAT pathways but also in pathogen-activated TLR/RLR pathways of cytokine production (20, 39) . Prompted by these reports, we asked whether type I IFN production mediated by TLR and RLR signaling is also regulated by PIASy. We report here that PIASy inhibits virusinduced type I IFN transcription more potently than the other three PIAS members. PIASy targeted IRF3 and IRF7, transcrip-tion factors required for activation of the type I IFN promoter. Detailed domain analysis revealed that PIASy inhibits IRF3/ IRF7-activated type I IFN transcription by a mechanism distinct from that of PIASy inhibition of IFN-stimulated gene (ISG) induction by STAT1. Additionally, we show that PIASy relies on the SUMO conjugation mechanism through the SUMO-interacting motif (SIM) to inhibit type I IFN transcription, but without relying on its own E3 ligase activity. Together, our findings highlight the diversity and complexity of PIASymediated negative regulation of IFN and IFN-stimulated transcription, thus influencing innate immunity.
EXPERIMENTAL PROCEDURES
Cells Culture-Mouse embryonic fibroblasts (MEFs) from PIASy ϩ/ϩ and PIASy Ϫ/Ϫ mice were grown in Dulbecco's modified Eagle's medium (DMEM)/high glucose supplemented with 10% FCS and antibiotics (Invitrogen). Human embryonic kidney (HEK) 293T cells were grown in DMEM containing 10% fetal bovine serum.
Plasmids and Reagents-cDNA fragments of murine PIAS1, PIAS3, PIASxa, PIASxb, and PIASy were generated from total RNA of NIH3T3 cells by the standard RT-PCR technique and were inserted into pcDNA3.1/HA and pMSCV/HA retroviral vector. To construct mutants for PIASy, appropriate substitutions were introduced into the pcDNA3.1-PIASy-HA and pMSCV-PIASy-HA using the QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). T7-SUMO1/GA was generated from the T7-SUMO1 expression plasmid (40) . Murine IRF3 and IRF7 constructs were described previously (40) . Human VISA cDNA was amplified from total RNA of HEK293T cells and inserted into pcDNA-2ϫMyc and pcDNA-V5 vector. Myc-TRIF, FLAG-IKK⑀, FLAG-TBK1, and IFN␣1 promoter-luciferase reporter plasmids were gifts from Dr. Rongtuan Lin (McGill University, Montreal, Canada). 2ϫFLAG-RIG-IN (constitutively active RIG-I) and IFN␤ promoter-luciferase reporter plasmids were gifts from Dr. Takashi Fujita (University of Kyoto, Kyoto, Japan). For constructing shRNA retroviral vector for human UBC9, an oligonucleotide fragment (target sequence: 5Ј-aacagatcctattaggaatac-3Ј) was inserted into pSUPER.retro (Oligoengine, Seattle). Retroviral preparations were made according to the manufacturer's instructions. As a control, a retroviral vector with a scrambled oligonucleotide fragment was prepared and tested in parallel. Mouse monoclonal antibodies against FLAG M2 and ␣-tubulin were purchased from Sigma. Rabbit and mouse antibodies for the T7 tag were purchased from Abcam (Cambridge, MA) and Novagen (Gibbstown, NJ), respectively. Rabbit antibody against murine IRF3 was from Zymed Laboratories Inc.. Rabbit antibodies against phospho-IRF3 (Ser(P)-396) and phospho-IRF3 (Ser(P)-386) were from Cell Signaling Technology (Danvers, MA) and EPITOMICS (Burlingame, CA), respectively. Rat antibody against HA was from Roche Diagnostics. Mouse monoclonal antibody against UBC9 was from Transduction Laboratories (Lexington, KY), and goat antibodies against rabbit IgG Alexa Fluor 488 and mouse IgG Alexa Fluor 546 were from Invitrogen. Recombinant human IFN␤ was from Toray Industries, Inc. (Tokyo, Japan).
GFP-Sendai Virus Infection-Recombinant
Sendai virus expressing GFP was generated and titrated as described elsewhere (41, 42 Luciferase Reporter Assay-HEK293T cells were plated in 24-well plates at 3 ϫ 10 4 /0.5 ml and transiently transfected with the indicated combinations of plasmids using Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommendations. Eighteen h post-transfection, cells were lysed, and luciferase activity was measured by using the Dual-Luciferase reporter assay kit (Promega) according to the manufacturer's procedure. Alternatively, cells were treated with 10 3 units/ml IFN␤ for 6 h starting at 18 h post-transfection. Renilla luciferase activity was used for normalization.
Immunoblot Analysis-Whole cell extracts were prepared using lysis buffer containing 150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 4 mM EDTA, 0.1% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS, complete protease inhibitor mixture (Roche Diagnostics). For Phos-tag PAGE, cells were lysed using lysis buffer without EDTA. Extracts were separated by SDS-PAGE with or without Phos-tag AAL-107 (NARD Institute, Hyogo, Japan) and immunoblotted as described previously (40) .
Immunoprecipitation-293T cells (3 ϫ 10 6 ) were transfected with a total of 3.3 g of plasmid DNA using Lipofectamine 2000 (Invitrogen). Twelve h later, cells were lysed using lysis buffer containing 20 mM N-ethylmaleimide (Sigma). Lysates were centrifuged, and supernatants were incubated with anti-T7-agarose overnight with gentle rotation at 4°C. Immune complexes were washed four times with N-ethylmaleimide containing lysis buffer, separated on SDS-PAGE, and subjected to immunoblot analysis.
Detection of SUMO-conjugated Proteins-To detect SUMOconjugated proteins, 293T cells were transfected with the indicated plasmids, and extracts were prepared as above. Extracts were separated by SDS-PAGE and analyzed by immunoblot using the indicated antibodies.
Immunofluorescence Analysis-MEFs retrovirally transduced with or without murine PIASy-HA were plated on coverslips and incubated for 24 h. Cells were then infected with Sendai virus at an m.o.i. of 5 for 8 h and fixed with 3.7% paraformaldehyde. After two washes, cells were permeabilized with 0.2% Triton X-100 for 5 min and incubated at 4°C with a blocking solution (PBS containing 3% BSA) for 30 min. The primary antibodies were added into the blocking solution at a 1:500 dilution, and cells were incubated for 4 h at 4°C. After three washes, cells were then incubated with secondary antibodies for 4 h at 4°C and counterstained with Hoechst for 1 min. Stained cells were viewed on a BZ8000 fluorescence microscope (Keyence, Osaka, Japan).
RESULTS

PIASy Negatively Regulates Virus-induced Type I IFN
Expression-To investigate whether PIASy is involved in the regulation of virus-induced type I IFN production, PIASy
and PIASy ϩ/ϩ MEFs were infected by VSV or EMCV. Infection by these viruses is recognized by RIG-I and MDA-5, respectively (2, 5) . The amount of IFN␤ and IFN␣4 mRNA was measured at various time points during 24 h of infection by quantitative real time-reverse transcription PCR (qRT-PCR). As shown in Fig. 1A , levels of both IFN␤ and IFN␣4 mRNA were markedly higher in PIASy Ϫ/Ϫ MEFs than in PIASy ϩ/ϩ MEFs at all time points tested. Similar increased production of type I IFN mRNA was observed after EMCV infection (Fig. 1B) , indicating that PIASy inhibits both RIG-I-and MDA-5-driven type I IFN induction. We next tested whether increased induction of type I IFNs by PIASy deficiency can be reversed by ectopic expression of PIASy. HA-tagged PIASy was retrovirally transduced into PIASy ϩ/ϩ and PIASy Ϫ/Ϫ MEFs, and VSV-induced type I IFN production was measured ( (5, 6, 43, 44) . We next sought to determine a step within the signaling cascade that PIASy targets. As shown in Fig. 2A , IFN␤ promoter activity was activated by transfection of an active form of RIG-I (RIG-IN), VISA, TBK1, IKK⑀, and activated forms of IRF3 and IRF7 (IRF3/5D and IRF7/6D, respectively). In all cases, co-expression of PIASy decreased IFN␤ promoter activity in a dosedependent manner. These results suggested that PIASy inhibited a step downstream from IRF3 and IRF7 phosphorylation. If so, phosphorylation of IRF3 and IRF7 and their subsequent nuclear translocation would not have been affected by PIASy overexpression. To test this possibility, 293T cells were transfected with Myc-tagged VISA, and FLAG-tagged IRF3 along with PIASy and phosphorylation of IRF3 were detected by Phos-tag PAGE. As shown in Fig. 2B , slow migrating phosphor-IRF3 bands were detected in Myc-VISA-expressed cells in the presence and absence of PIASy expression (lanes 6 -8 versus 2-4). We also tested VISA-induced phosphorylation of IRF3 by using anti-phospho-IRF3 antibodies. Co-expression of VISA increased phosphorylation of IRF3 at Ser-396 and Ser-386 and was not affected by PIASy (Fig. 2C) . Similar results were observed when IRF3 phosphorylation was induced by TRIF (data not shown). We next tested whether PIASy affects virusinduced nuclear translocation of IRF3. Cells transfected with HA-tagged PIASy or empty vector were infected with Sendai virus and stained with anti-HA and anti-IRF3 antibodies at 8 h post-infection (Fig. 2D) . As expected, PIASy localized to the nucleus before and after virus infection (45) . After infection, IRF3 translocated to the nucleus irrespective of PIASy transfection. These results indicate that PIASy inhibits type I IFN promoter activation without interfering with phosphorylation and nuclear translocation of IRF3.
We next tested whether PIASy inhibits IFN promoter activity that was also activated by TRIF. As shown in Fig. 2E , TRIF and VISA overexpression increased IFN␤ and IFN␣1 promoter activity, which was inhibited by co-expression of PIASy. In addition, PIASy inhibited TRIF-and VISA-induced activation of ISRE promoter activity, again in a dose-dependent manner. These results indicate that PIASy negatively regulates TLR-and RLR-induced IFN transcription as well as ISRE promoter activity. We tested whether other PIAS proteins also regulate TLR/ RLR-mediated type I IFN promoter activity and found that other PIAS proteins, except PIASy, do not significantly inhibit IFN␤ promoter activity, although modest inhibition was detected by the highest dose of PIAS1 in TRIF-induced promoter activity (supplemental Fig. S1 ).
LXXLL Motif in the SAP Domain Is Not Involved in the Inhibition of Type I IFN Transcription-PIASy has been reported to inhibit IFN␥-mediated activation of IFN stimulated genes (ISGs) by preventing STAT1-dependent activation of ISRE promoter activity (37, 45) . Although type I IFN transcription is initially activated by IRF3/7, it is further enhanced by the subsequent IFN-positive feedback loop activated by STAT1 and the ISGF3 complex (46 -48). Thus, it was possible that inhibition of type I IFN promoter activity was due to PIASy inhibition of STAT1 activity. It was reported that the conserved LXXLL motif in the N-terminal SAP domain of PIASy critically contributes to the inhibition of STAT1-dependent transcription (45) . We generated a mutant PIASy in which all three leucine residues in the LXXLL motif were substituted to alanine (referred to PIASy/mSAP, Fig. 3A) , which was retrovirally introduced to PIASy Ϫ/Ϫ cells. The effect of these mutations was first tested on IFN␤-mediated ISG transcription. As shown in Fig.  3B , mRNA levels of three ISGs, ISG15, IFI56, and IRF7, were reduced upon wild type (WT) PIASy expression. In contrast, ISG mRNA levels were comparable in PIASy/mSAP-expressing cells and control cells. The protein levels of WT and PIASy/ mSAP were also comparable in these cells (Fig. 3C) . We also tested the effect of WT and PIASy/mSAP on IFN␤-stimulated ISRE promoter activity and found that PIASy/mSAP did not inhibit ISRE promoter activity, although WT PIASy did (Fig.  3D) . These results indicate that the LXXLL motif is required for the inhibition of IFN-dependent ISG expression. We next investigated whether the PIASy/mSAP also fails to inhibit virus-induced type I IFN induction. As shown in Fig. 3E , mRNA levels of IFN␤ and IFN␣4 were reduced in PIASy/mSAP-expressing cells to a degree similar to that in WT PIASy-expressing cells. Consistent with these data, activation of IFN␤ promoter activity by VISA and TRIF was similarly inhibited by PIASy/mSAP and WT PIASy but not by PIAS3 (Fig. 3F) . Thus, the LXXLL motif is dispensable for the inhibition of type I IFN induction by PIASy. These results indicate that PIASy inhibits type I IFN transcription by a mechanism distinct from that by which PIASy inhibits STAT1-mediated ISG induction. Supporting this idea, virus-induced ISG15, ifi56, and IRF7 mRNA levels were reduced by PIASy/mSAP as well as by WT PIASy, in contrast to those induced by IFN␤ (Fig. 3G) . In addition, both WT PIASy and PIASy/mSAP inhibited VISA-or TRIF-induced ISRE activity in a dose-dependent manner (Fig. 3H) . These results lead us to conclude that the LXXLL motif is required for inhibition of STAT1-mediated ISG transcription but not for inhibition of IRF3-and IRF7-mediated IFN transcription.
SUMO E3 Activity of PIASy Is Not Required for the Inhibition of Type I IFN Transcription-To study whether SUMO E3
ligase activity of PIASy is required for the inhibition of type I IFN transcription, we constructed a mutant PIASy in which the third cysteine residue of the RING-like domain was substituted by phenylalanine (PIASy/C335F). WT PIASy and PIASy/C335F were expressed in 293T cells together with T7-tagged SUMO1, SUMO1/GA, a conjugation-defective mutant (26) , or SUMO2. Immunoblot data in Fig. 4A showed that WT PIASy, but not PIASy/C335F, produced slow migrating SUMO1-or SUMO2-conjugated proteins. These bands were not generated when T7-SUMO1 was replaced by T7-SUMO1/GA, as expected. Thus, PIASy/C335F no longer has a SUMO ligase activity. We next tested whether PIASy/C335F inhibits VISA-and TRIFmediated type I IFN transcription. As shown in Fig. 4B , VISAand TRIF-induced IFN␤ promoter activity was inhibited by PIASy/C335F to a similar degree as WT PIASy in a dose-dependent manner. Cyan fluorescent protein expression tested as a negative control did not inhibit IFN␤ promoter activity. These results indicate that PIASy inhibits VISA-and TRIF-induced type I IFN induction independent of its SUMO E3 ligase activity.
C-terminal SUMO-interacting Motif of PIASy Is Involved in the Inhibition of Type I IFN Transcription-
We tested all four PIAS members for their ability to inhibit type I IFN transcription. As shown in supplemental Fig. S1 , only PIASy had significant inhibitory activity. Among the PIAS proteins, the C-terminal region after the central RING-like domain is variable, and PIASy differs most from other members in this region (Fig. 5A ). Thus we considered it possible that the C-terminal portion of PIASy is responsible for its inhibitory activity. To test this possibility, a series of C-terminal deletion mutants were generated and tested for VISA-or TRIF-induced IFN␤ promoter activity. As shown in Fig. 5, A and B , transfection of the smallest deletion, PIASy/1-489 led to inhibition of IFN␤ promoter activity in a manner similar to full-length PIASy. However, no inhibition was observed when the deletion was extended further, indicating that the region around amino acid 474 is critical for the inhibition of IFN␤ promoter activity. This region contains a cluster of acidic amino acids (Fig. 5C ). Although the functional significance of the acidic cluster has yet to be fully studied, a report suggested that serine residues juxtaposed to the acidic cluster are a potential phosphorylation site of CK2 protein kinase required for activity of the SUMO-interacting motif (SIM) (49) . We therefore investigated the ability of these C-terminal deletion mutants to interact with SUMO peptides in a noncovalent manner. In Fig. 5D , HA-tagged WT PIASy and deletion mutants were transfected along with T7-tagged SUMO1/GA, and lysates were immunoprecipitated with anti-T7 antibody. Whereas full-length PIASy and PIASy/1-489 co-precipitated SUMO1/GA, all other mutants did not, verifying that the acidic cluster is required for noncovalent association of PIASy with SUMO. Given that SUMO binding activity and the IFN␤ promoter inhibitory activity correlated well, we next tested whether noncovalent association of PIASy with SUMO peptides is important for inhibition of type I IFN production. To this end, two mutants were generated; first, hydrophobic amino acids in the SIM core were substituted to alanine, and second, potential target serine residues of CK2 were substituted to alanine (Fig. 5C , V463/464A and S472-474A, respectively). These mutants were introduced into PIASy Ϫ/Ϫ MEF cells and tested for possible inhibition of VSVinduced type I IFN mRNA expression. As shown in Fig. 5E , WT PIASy and S472/474A strongly inhibited type I IFN mRNA expression, although V463/464A caused noticeably less inhibition both in IFN␤ and IFN␣4 mRNA expression. Expression levels of transfected PIASy were similar and did not change during virus infection (Fig. 5F ). The activity of these mutants was further examined in an IFN␤ reporter assay (Fig. 5G) . WT PIASy and S472/474A repressed VISA-and TRIF-induced IFN promoter activity in a dose-dependent manner. However, V463/464A did not appreciably inhibit IFN␤ promoter activity. These results indicate that the core hydrophobic residues in the putative SIM, but not the serine residues juxtaposed to the acidic cluster, are required for PIASy inhibition of type I IFN transcription.
SUMO Conjugation Mechanism Is Required for PIASy Inhibition of Type I IFN Transcription-Given that hydrophobic residues in the PIASy SIM are critical for inhibition of type I IFN induction, we next investigated whether the SUMO modification mechanism is involved in the PIASy inhibition of IFN transcription. To this end, we constructed an shRNA vector for UBC9, the sole E2 enzyme of the SUMO conjugation cascades. Data in Fig. 6A show that this vector stably knocked down UBC9 protein expression of IFN␤ reporter activity by the activated forms of IRF3 and IRF7 (Figs. 5D and 6D , respectively) and was slightly higher in UBC9 knockdown (KD) cells than that in control shRNA-expressing cells (Fig. 6B) . We then tested IFN␤ reporter activity in UBC9 KD cells expressing PIASy. As shown in Fig. 6C , in UBC9 KD cells, IFN␤ reporter activities stimulated by both IRF3/5D and IRF7/6D were higher than in control cells at all doses of PIASy tested. These results indicate that SUMO conjugating activity is required for the inhibition of type I IFN production by PIASy. Thus, it is likely that PIASy inhibits type I IFN promoter activity by interacting with a SUMOylated factor through the SIM. We previously showed that SUMO is covalently conjugated to IRF3 mainly through Lys-152 (40) . We asked whether SUMOylated IRF3 is a main factor that binds to PIASy SIM, leading to PIASy-mediated inhibition of type I IFN induction. In Fig. 6D , IRF3/5D and the SUMOylation-defective mutant IRF3/5D/K152R were cotransfected with PIASy, and IFN␤ promoter activity was measured. PIASy inhibited both IRF3/5D-and IRF3/5D/K152R-induced promoter activity, whereas the SIM mutant, V463/464A did not. These results indicate that IRF3 is not a major factor required for binding to SIM to confer inhibitory activity upon PIASy.
DISCUSSION
In this study, we investigated the contribution of PIASy to the regulation of type I IFN transcription. We show that VSV and EMCV infection results in greater type I IFN induction in PIASy Ϫ/Ϫ cells than PIASy ϩ/ϩ cells, although ectopic expression of PIASy led to reduced IFN expression. Accordingly, PIASy Ϫ/Ϫ cells exhibited greater antiviral activity against Sendai virus. PIASy inhibited both TRIF-and VISA-induced activation of type I IFN promoter activities, indicating that it affects both TLR-and RLR-mediated type I IFN gene activation. It is likely that PIASy does not act on an early step of TLR/RLR signaling cascades but rather acts on a step after IRF3 and IRF7 are phosphorylated and translocated into the nucleus, considering that PIASy predominantly localizes to the nucleus and PIASy efficiently inhibited type I IFN promoter activity by the activated forms of IRF3 and IRF7. Supporting this view, ectopic PIASy expression did not change VISA-and TRIF-stimulated IRF3 phosphorylation. Given that PIASy is capable of interacting with IRF3 and IRF7, it likely binds to activated IRF3 and IRF7 in the nucleus, leading to the inhibition of IFN transcription (50) . The SAP domain binds to AT-rich DNA sequences present in the scaffold attachment regions/matrix attachment regions (51) . This domain is conserved in all PIAS members and shown to be required for the interaction with nuclear receptors and their co-regulators (52) . We show that the mutant PIASy with an altered LXXLL motif in the SAP domain, although unable to inhibit IFN-stimulated ISG transcription, nevertheless retained the ability to inhibit type I IFN transcription. Our results illustrate that PIASy employs different mechanisms to inhibit virusmediated IFN induction and IFN-stimulated ISG expression. This dichotomy may be accounted for by the difference in the transcriptional pathways by which virus-induced IFN transcription and IFN-stimulated transcription is controlled, namely the former is triggered by the TLR/RLR pathway leading to the activation of IRF3 and IRF7, and the latter is activated by the JAK/STAT pathway activating STAT1/STAT2 and IRF9. In this scenario, PIASy may select SAP-dependent and -independent processes according to the types of transcription factors activated and recruited to the promoter. The significance of the differential domain usage is at present unclear. However, it seems clear that PIASy by adopting diverse mechanisms governs specificity, magnitude, and timing of antiviral effects, thereby fine-tuning innate immunity.
PIAS1 and PIASy do not inhibit expression of all ISGs (21, 36, 37) . It is likely that ISGs are divided into distinct groups, partly according to different types of negative regulation under which they are controlled. Because IRF3 and IRF7 are involved not only in type I IFN transcription, but TLR/RLR-mediated ISG induction, the mechanism observed in this study likely contributes to negative regulation of ISG transcription. SAP domain independent inhibition of ISRE activity by PIASy is likely to operate in a relatively early stage of virus infection, prior to the initiation of IFN feedback-based ISG expression (46 -48) . In a later stage of virus infection, ISG expression is boosted by type I IFN induced through the JAK/STAT pathway, controlled by cooperation of PIAS1 and PIASy (37).
Inhibitory activity of PIAS1 is regulated by a phosphorylation-dependent switch by activated IKK␣ (53) . This mechanism is not likely to apply to PIASy given that PIASy does not have a corresponding phosphorylation target. Interestingly, we observed that virus infection induced a slowly migrating band in PIASy Phos-tag PAGE analysis, indicating that PIASy is also phosphorylated during virus infection (data not shown). Although residues targeted for phosphorylation and the kinase that phosphorylates PIASy have not been identified, it is possible that PIASy is activated upon virus and/or IFN induction through phosphorylation.
In addition to SAP domain-independent inhibition, PIASy inhibition of type I IFN transcription did not require its SUMO E3 ligase activity, because the mutation in the RING-like domain did not abolish IRF3-and IRF7-mediated IFN promoter activity. Some transcription factors are known to be regulated by PIASy via SUMO-independent mechanisms (19, 20) . For example, PIASy suppresses LEF1-mediated transcription by recruiting LEF1 to the promyelocytic leukemia protein nuclear body (54) . Furthermore, PIASy is reported to recruit HDAC1 and HDAC2 without involving its SUMO E3 activity in Smad4 and androgen receptor-mediated transcription (55, 56) . These reports, combined with our observation, further support the view that PIASy utilizes varying mechanisms to repress transcription, depending on the signaling pathways activated and the availability of molecules with which it cooperates.
We show that deletion of the acidic cluster juxtaposed with the hydrophobic SIM core resulted in the loss of PIASy function, leading to the loss of inhibition of IFN transcription. The loss of inhibitory activity coincided with the loss of SUMO peptide binding activity. Furthermore, the SIM sequence was required for the inhibition of IFN␤ promoter activity. Thus the acidic cluster may confer SUMO binding activity upon PIASy, playing an important role in inhibiting type I IFN induction. On the other hand, serine residues presumed to be phosphorylated by CK2 were dispensable for inhibition of IFN promoter activity (49) . Consistent with these data, treatment of CK2 inhibitors, TBB or emodin, did not change PIASy inhibition of IFN␤ promoter activity (data not shown). These results suggest that phosphorylation of PIASy, possibly targeted by CK2, is not required for SUMO binding activity of the SIM, although it may be dependent on the acidic cluster (34) . There are five consecutive serine residues between the SIM and the acidic cluster in PIASy, and three serine residues are present in the corresponding region of other PIAS members (Fig. 5C ). The discrepancy on the requirement of CK2-dependent phosphorylation for the SIM activation among PIAS1, PIAS3, and PIASy may be due to a structural difference caused by these residues. PIASy may have a unique mode of SIM activation, different from that utilized by other PIAS proteins. Given that intact SUMO binding activity appears to be required, the SUMO modification mechanism is expected to play a critical role in negative regulation of type I IFN transcription, despite that the PIASy SUMO E3 ligase domain is dispensable. The role for the SUMOylation machinery in PIASy inhibition of IFN transcription is supported by our data that general down-regulation of SUMO conjugation pathways by UBC9 knockdown led to a profound reduction in the inhibitory effect of PIASy. Our results indicate that PIASy inhibits IRF3-and IRF7-mediated IFN transcription by associating with a factor yet to be unraveled that is conjugated to SUMO. Because SUMOylation of IRF3 was not required for inhibition by PIASy, IRF3 (and presumably IRF7) is not the factor required for SIM binding. The interaction of this unidentified factor may facilitate the formation of a repressor complex. Identification of a PIASy-interacting partner(s) that is modified by SUMO would thus advance our understanding of the mechanism by which PIASy inhibits type I IFN transcription.
In summary, this work shows that among PIAS family members PIASy is the major negative regulator of type I IFN transcription. It inhibits IFN transcription by mobilizing a SUMO modification mechanism through the SIM domain, without relying on its SUMO E3 ligase activity.
